2018). Marrying SPR excitation and metal-support interactions: Unravelling the contribution of active surface species in plasmonic catalysis. Nanoscale, 10(18), 8560-8568.
INTRODUCTION
Plasmonic catalysis takes advantage of the localized surface plasmon resonance (SPR) excitation to accelerate or mediate chemical reactions. [1] [2] [3] Recently, this field has attracted much attention due to the possibility of harvesting solar light as an energy input to drive a range of chemical transformations. [4] [5] [6] [7] [8] [9] [10] [11] This can be accomplished, for example, by the utilization of metal nanoparticles as catalysts possessing strong SPR in the visible or nearinfrared range, which include gold (Au), silver (Ag), and copper (Cu) nanoparticles (NPs). [12] [13] [14] Hence, plasmonic catalysis is expected to contribute towards the development of green (or greener) catalysis, which remain challenging in terms of both activity and selectivity. 15 Among green transformations, light-assisted oxidations using air or molecular oxygen (O2) as the oxidant represents an interesting example, as it has been shown that the SPR excited hot electrons can efficiently activate molecular oxygen. [16] [17] [18] [19] In addition to the metal nanoparticles or active phase, it is well-established that optimizing metal-support interactions is an efficient strategy to the improvement of performances in nanocatalysis. 20, 21 Among the several supports, CeO2 has been widely employed in oxidation reactions due to its oxygen mobility and storage properties, which can be further enhanced at the metal-support interface due to metal-support interactions. 22 In this case, the formation of Ce 3+ as well as adsorbed oxygen species (O 2or O -) have been described. In the context of plasmonic catalysis, these species may be activated by the SPR excitation as a result of metal-support interactions and contribute to the optimization of catalytic activities towards oxidation reactions. 23, 24 In order to take advantage of this phenomenon, a clear understanding on the role played by the SPR-mediated activation of surface oxide species at the metal-support interface relative to the contribution/activation of O2 from air is required. In this paper, we describe a relatively simple approach that enabled us to systematically isolate and quantify the contribution from surface oxide species at the metal-support interface (relative to O2 from air) over the activities in green SPR-mediated oxidation reactions. We employed CeO2 decorated with Au NPs (Au/CeO2) as a model plasmonic material and the oxidation of p-aminothiophenol (PATP) and aniline as proof-of-concept transformations. We performed a series of control experiments and compared the results with SiO2 decorated with Au NPs (Au/SiO2), in which the formation of active surface oxide species at the metal-support interface is not expected.
We found that the SPR-mediated activation of surface oxide species at the metal-support interface in Au/CeO2 played a major role to the detected activities, being even higher than the contribution coming from the activation of O2 from air.
RESULTS AND DISCUSSION
Scanning electron microscopy (SEM) images, ultraviolet-visible (UV-Vis) spectrum, and the histogram of size distribution for the Au NPs employed for the synthesis of Au/CeO2 and Au/SiO2 materials are shown in Figure S1A -C. The Au NPs were 22 nm ± 3 nm in diameter, displayed spherical shape, relatively monodisperse sizes, and a well-defined surface plasmon resonance (SPR) band centered at 525 nm assigned to the dipolar SPR mode. 25 Au NPs were incorporated onto CeO2 and SiO2 in order to produce Au/oxide solid catalysts. This not only facilitates applications in SPR-mediated catalysis both in gas or liquid phase, but also opens the possibility to enable further improvements in activity via metal-support interactions, as we describe below. For example, the deposition of Au NPs over CeO2 surface improved the performance of Au/CeO2 catalyst over the CO oxidation reaction at low temperatures. 26 Figure 1A and B shows SEM and TEM images of the obtained Au/CeO2 and Au/SiO2 materials, respectively. The images show that for both samples a homogeneous distribution of Au NPs over the oxide surfaces without significant agglomeration or changes in shape and size was obtained using the preparation method described below. Figure S2 shows the histograms of size distribution or Au NPs in both Au/CeO2 and Au/SiO2 materials. It can be observed that the Au NPs had similar sizes on both supports, corresponding to 21.8 ± 3.1 and 21.9 ± 3.2 nm in diameter for Au/SiO2 and Au/CeO2, respectively. Additionally, the Au weight percentage (wt%) as determined by flame atomic absorption spectroscopy (FAAS) was to 4.9
for Au/CeO2 and 4.2 for Au/SiO2, which indicates our incipient wetness impregnation method enabled the deposition of Au NPs in high yields and without loss of morphology.
The Au/CeO2 and Au/SiO2 materials (and CeO2 and SiO2 the supports) were analyzed by diffuse reflectance spectroscopy (DRS) and X-ray powder diffraction (XRD) as shown in Figures 1C and D, respectively. The diffuse reflectance spectra for Au/CeO2 and Au/SiO2 (solid and dashed red traces, respectively) indicate the appearance of a broad band at 500-550 nm assigned to the Au SPR excitation, which resembles the spectra obtained for Au NPs as shown in Figure S1 . This signal was not present in the individual CeO2 and SiO2 supports (solid and dashed black traces, respectively). XRD patterns ( Figure 1D ) showed that CeO2 displayed a cubic Fm-3m structure (ICSD collection code 28753) 27 and SiO2 presented the hexagonal P3221 structure (ICSD collection code 071396) 28 (black traces). The XRD data indicates that no significant crystalline impurities were present in the materials. While the peak associated to with the larger atomic number of Ce, obscures most of the reflection of the Au NPs in the XRD pattern of the Au/CeO2 sample. However, the Au (111) can be clearly detected and we can confirm the FWHM of the peak is similar to the Au (111) refection in the Au/SiO2 sample ( Figure S3 ). It is important to note that the Au loading and particle size distribution were similar in both samples as shown by FAAS and SEM/TEM.
It is well-established that the presence of Au NPs contribute to the reduction of surface CeO2 layers, favoring the O2 mobility and the presence of oxygen species at the interface as a result of metal-support interactions. 30 In order to probe this effect, we performed temperature-programmed reduction with hydrogen (H2-TPR) experiments for both CeO2 and Au/CeO2 materials as shown in Figure 2A (black and red traces, respectively). The H2-TPR profile of CeO2 was characterized by the presence of two reduction peaks: the peak at temperatures between 500-650 o C associated to the reduction of non-stoichiometric oxides of composition CeyOx at the surface 31 and the peak centered at 940 o C is ascribed to the reduction of CeO2 to Ce2O3. 32, 33 In Au/CeO2, it can be observed that the presence of Au lowered the temperature for the reduction of CeyOx oxides at the surface (this peak shifted from 620 to 410 o C). This agrees with a significant metal-support interaction due to Au deposition. 31 Interestingly, the H2-TPR profile for SiO2 is characterized by a single peak assigned to the bulk SiO2 reduction (SiO2 does not display the same surface oxygen mobility properties as compared to CeO2, Figure S4A ). In both materials, no peaks related to the reduction of Au were observed (as expected for Au 0 ).
The strong metal-support interactions and oxygen vacancy properties in CeO2 and
Au/CeO2 were further characterized by Raman spectroscopy ( Figure 2B , black and red traces, respectively). It is noteworthy that oxygen vacancies are structural defects that can adsorb O2 molecules and are intimately related to oxygen mobility and storage capacity 34 . The Raman spectra for Au/CeO2 and CeO2 presented similar profiles in terms of band intensity and position. The strong band centered at 467 cm -1 can be attributed to the symmetric stretching vibration mode of oxygen atoms around the Ce 4+ ions. 35, 36 In addition, the Raman mode near 625 cm -1 , corresponding to the presence of oxygen vacancies, can be observed in the Au/CeO2 material. 36, 37 Moreover, it is well known that the presence of Ce 3+ is correlated with the generation of oxygen vacancies in order to maintain the electrostatic balance of the lattice. 38 The Ce 3d core levels XPS spectra show peak positions characteristic of CeO2 39 with the presence of Ce 3+ in both CeO2 and Au/CeO2 samples ( Figure S5A ). Moreover, the photoemission spectrum of Au/CeO2 in the Au 4f region ( Figure S5B ) showed two intense photoelectron peaks with maximum at binding energy (BE) values of 83.8 e 87.4 eV ascribed to the Au 4f7/2 and 4f5/2 doublet, respectively. These BE values are characteristics of Au species in the metallic state, 40 in agreement with the XRD and H2-TPR. Figure 2C and D depict the XPS spectra for the O1s region for CeO2 and Au/CeO2 samples, respectively. The signal was deconvoluted into three components located at 530, 531 and 533 eV (Table S1 ). These are assigned to lattice oxygen (OL), oxygen vacancies or surface oxygen ions (OS), and adsorbed water (OW), respectively. 41 It can be observed that, for both samples, the signal from OL had the highest intensity, contributing with 68% and 53% of the signal detected for CeO2 and Au/CeO2, respectively. In Au/CeO2, the decrease of the OL contribution was directly associated with an increase of the OS contribution. In fact, it increased from 29% in CeO2 to 46% in Au/CeO2. The OS/OL ratio (Table S1 ), also confirms that the OS/OL ratio was higher for Au/CeO2 sample. These results suggest that more surface adsorbed oxygen species (O 2or O -), or oxygen vacancies and defects have been created on the cerium oxide after the Au NPs addition as a result of metal-support interactions in this system. The XPS spectra for the O1s and Au4f core-level regions of SiO2 and Au/SiO2 are shown in Figure S4C and D.
After the morphological, electronic, and chemical characterization of the obtained Au/CeO2 material, we turned our attention to the investigation of the SPR-mediated catalytic activities. We were particularly interested in probing and isolating the effect of the activated oxygen species at the metal-support interface over the plasmonic catalytic activities. In Au/CeO2 materials, reactive O2 species that arise from metal-support interactions can be present as superoxo (O2 -), peroxo (O2 2-), or dissociated (2x O 2-) forms, which contribute to the detected superficial oxygen signals detected by XPS. 42 Thus, it is highly anticipated that these species are expected to play a key role in oxidation reactions promoted by heterogeneous catalysts, in photocatalysis and/or SPR-mediated catalysis.
In order to address this challenge, our approach consisted on probing the plasmonic catalytic activity employing a transformation that relies on the activation of O2 via SPR excitation. Specifically, this can be achieved by: i) comparing the performances of Au/CeO2 (in which the SPR excitation can activate oxygen species from both metal-support interactions and from O2 atmosphere) relative to Au/SiO2 (in which SPR excitation can activate only atmospheric O2 due the absence of active oxygen species originating from metal-support interactions) as depicted Figure 3 ; and ii) probing the performances of Au/CeO2 in the absence of O2 atmosphere.
We started by employing the SPR-mediated oxidation of p-aminothiophenol (PATP)
to p,p'-dimercaptoazobenzene (DMAB) by activated O2 as a model reaction according to the following equation:
In this transformation, SPR excitation in Au NPs can lead to the formation of hot electrons, i.e., electrons that occupy energy states above the Fermi level during plasmon oscillation. 43, 44 Under appropriate conditions, these hot electrons can trigger charge transfer processes at the metal-molecule interface and thus mediate the oxidation or reduction transformations. 45, 46 In the context of the SPR-mediated PATP oxidation, hot electrons produced from SPR-excited Au NPs can be transferred to adsorbed O2 molecules (from air), which are activated to 2 O2ions, which subsequently contribute to the DMAB formation at the metal surface. 47, 48, 49, 50 The laser-power-dependent spectra employing 632.8 nm as the excitation wavelength for Au/CeO2 and Au/SiO2 materials that had been functionalized with PATP are shown in Figures 4A and B , respectively. The spectra contain two sets of bands: (i) the signals at 1081, 1142, 1390, 1433 and 1575 cm -1 that can be assigned to the Ag modes of DMAB; and (ii) the signals at 1081, 1489 and 1593 cm -1 that can be assigned to the A1 modes of PATP. 48 The PATP conversion can be monitored from the 1433:1081 cm -1 DMAB:(PATP+DMAB)
intensity ratios, which are depicted in Figure 4C . Our results indicated that the PATP conversion for the Au/CeO2 material was higher than for Au/SiO2 under all laser powers. For example, it was around 3-fold higher than for Au/SiO2 material when the laser-power corresponded to 0.9 mW. It is important to note that an increase in PATP conversion as a function of laser-power irradiation was detected. This observation agrees with the SPRmediated mechanism for DMAB formation. [49] [50] [51] Moreover, no PATP signals were detected when the pure CeO2 and SiO2 oxides were employed as substrates.
We also investigate the laser-wavelength-dependence in the PATP conversion. Lower PATP conversions were detected at 785 nm relative to 633 nm ( Figure 4D) , even though the laser intensity employed at 785 nm was higher. This is in agreement with the stronger SPR excitation at 633 nm as a result of the better matching between incoming wavelength and SPR excitation positions. 52 We would like to propose that the higher performances observed for Au/CeO2
relative to Au/SiO2 is associated with the presence of reactive oxygen species at the metalsupport interface. These species can be, in addition to atmospheric O2, be activated by the SPR excitation and thus leading to increased PATP conversions. By using this assumption, it can be observed that the active oxygen species that are present as a result of the metal support interactions contribute with 54, 37, 65, and 68% of the activities towards PATP conversion when the laser power corresponded to 0.01, 0.08, 0.38, and 0.90 mW, for example.
Surprisingly, this result demonstrates that, for oxidations promoted by activated O2, metalsupport interactions can not only be put to work towards the optimization of SPR-mediated transformations, but also can play an even more important role towards the detected performances relative to atmospheric O2. This is especially attractive in the context of the utilization of plasmonics towards green catalytic oxidations under ambient conditions.
It is important to note that the SPR wavelength for the Au/CeO2 NPs is shifted to 540 nm relative to 520 nm in the Au/SiO2 sample ( Figure 1C ). This red shift could improve the resonance between SPR frequency and the wavelength of the excitation source, and thus lead to higher PATP conversion for the Au/CeO2 sample relative to Au/SiO2. However, we believe that this effect does not play the major role over the detected activities. We propose that the major contribution for the detected activities comes from the activation of oxygen species from CeO2. In order to further support this hypothesis, we prepared Au NPs supported on TiO2 and ZrO2. These samples display SPR wavelengths that are red-shifted relative to Au/SiO2 and on similar spectral positions as compared to Au/CeO2 ( Figure S6A ). Despite the red-shifted SPR positions, both Au/TiO2 and Au/ZrO2 samples displayed PATP conversions that were similar to Au/SiO2 and much lower relative to Au/CeO2 ( Figure S6B ).
We also probed the catalytic activity of Au/CeO2 and Au/SiO2 towards the oxidation of aniline driven by visible-light under ambient conditions (room temperature, 1 atm of O2 or N2, and employing a 300 W tungsten lamp as the excitation source). Figure 5 These results also agree with the aniline conversion percentages obtained in the absence of atmospheric O2 (experiments carried out under N2, blue bars). As expected, no significant conversion was detected for Au/SiO2 (3.5 %). On the other hand, Au/CeO2 displayed In order to confirm that the transfer of SPR-excited hot electrons from Au NPs to CeO2
can take place, we studied the photocurrent response of pure CeO2 and Au/CeO2 electrodes in the photoelectrochemical oxygen evolution reaction (electrolyte used was KOH 0.1M, pH 13). The light source used was a white light-emitting diode (LED) lamp with maximum intensity at 565 nm and 0.1W/cm 2 total output power. The electrodes were prepared by a sol-gel method using the spin-coating technique as detailed in the experimental section, which yielded Au/CeO2 thin films with Au NPs size distribution and SPR similar to those of the powder samples also prepared in this work. Figure S7A 
CONCLUSIONS
We have demonstrated a facile approach for probing and isolating the relative contribution of oxygen species that originate from metal support interactions over the SPR- metal-support interactions) and probing the performances of Au/CeO2 in the absence of O2 atmosphere. Surprisingly, we found that the activation of oxygen species from the metalsupport interface in Au/CeO2 can lead to substantial improvements in catalytic activity.
Moreover, these species can play, under appropriate conditions, a major role over activities relative to the activation of atmospheric O2, which is very commonly used as an oxidant in the context of green catalytic transformations. These results provide new insights on the various factors governing plasmonic catalytic activities and can inspire the development of novel optimization strategies for the efficient use of plasmonic effects to drive solar-powered catalytic transformations.
EXPERIMENTAL SECTION

Materials and Instrumentation
Analytical grade hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, 48% Au, Sigma- 
Synthesis of Au nanospheres (Au NPs)
In a typical synthesis, 6 mL of an aqueous solution containing 35 mg of PVP and 60 mg of ascorbic acid was prepared. This mixture was heated to 90 °C for 10 min with magnetic stirring. Then, 1 mL of 3 mM AuCl4 -(aq) was added dropwise with magnetic stirring and the reaction allowed to proceed for 3 h. The obtained Au NPs were washed several times with 1.5 mL of water by successive cycles of centrifugation and removal of the supernatant and resuspended in water for further use. 53 This procedure was scaled up by 20 folds for the synthesis of Au/CeO2 and Au/SiO2 materials.
Synthesis of Au/CeO2 and Au/SiO2 materials
The incipient wetness impregnation method was adopted to immobilize the suspension containing the Au NPs obtained in the previous section over the surface of the commercial metal oxides. In a typical procedure, the obtained Au NPs suspension (scaled-up synthesis) was concentrated in 4.5 mL of ethanol (the Au concentration in this suspension was completed, the products were centrifuged and analyzed by a GC 2010 Plus Shimadzu instrument equipped with a RTx®-5MS capillary column capillary column. GC conditions: injector 260°C; detector: 110°C; pressure: 100 kPa. Column temperature: 80°C, 1°C/min up to 280°C.
Preparation of Electrodes and Photoelectrochemical Characterization
Sample electrodes were prepared by a spin coating technique. Cerium(III) nitrate hexahydrate (Acros Organics, ≥99.5%) and hydrogen tetrachloroaurate(III) (Acros Organic, ACS reagent grade) were dissolved in mixture of acetic acid/water 5:2 V/V in a 1:0.05 and 1:0.10 mol ratio to give 4 cm 3 of a solution with 1 M total metal concentration, which was then diluted with 2 cm 3 2-metoxy-ethanol. The resulting solution was used to spin-coat fluorinedoped tin oxide glass subtracted at 3000 rpm. Prior to coating, the substrates were cleaned by ultrasound rinsing in acetone and then in ethanol for 10 minutes each. After coating, substrates were placed in a furnace pre-heated to 200 °C. As soon as the coated substrate were in the furnace, it was set to 400 °C at a heating rate of 10 °C/min. After 4 hours, the substrates were quenched to room temperature. One coat-annealing cycle was enough to produce continuous films, whose thickness can be controlled by increasing the number of cycles. However, the study presented in this report was done using one-cycle thin films. 23 The electrolyte was prepared by dissolving 50 mmols potassium hydroxide (Sigma-Aldrich, ≥99.0%) and 200 mmol potassium sulfate (Sigma-Aldrich, ≥99.0%) in 500 mL of distilled water. The sample was placed in a PEC cell with a 3 mm diameter opening.
Photoelectrochemical measurement was made using a Zahner Elektrik Impedance Measurement Unit (Model IM6), using a a white light-emitting diode (LED) lamp with maximum intensity at 565 nm and 0.1W/cm2 total output power which was calibrated to closely resemble the AM1.5 global spectrum at 100 mW/cm 2 . For the three-electrode measurements of the CeO2 and Au-CeO2 photoanodes, the counter electrode was a Pt wire with excess surface area, and the reference electrode was Ag/AgCl (3M NaCl). Electrochemical potentials were converted to the reversible hydrogen electrode (RHE) scale.
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